Hemp (Cannabis sativa L.) has a low impact on the environment requiring few added resources, 6 and has multiple downstream applications. There is little information on hemp biomass, seed 7 yields, and response to NPK fertilization under humid rainfed Mediterranean conditions.
31
Hemp was traditionally grown in the temperate Mediterranean areas of the pre-Pyrenees, with 32 cool winters (400-900 m above sea level) and relatively humid summers (600-700 mm of annual 33 rainfall). However, hemp cultivation in these areas declined over the 1990s due to low fiber 34 prices, which led farmers to reduce the fertilizer rates applied. The European Union subsidy for 35 fiber crops (over 600 € ha -1 ) enabled growers to continue growing hemp until 2006, when the 36 subsidy was abandoned due to the relocation of the hemp straw processing industry (Agrofibra 37 SL) (Gorchs et al., 2006) .
38
Fiber hemp is a renewable source of feed and industrial products (Struik et al., 2000 , Amaducci 39 et al., 2015 . In Spain, hemp is mainly used as a raw material for the paper pulp industry (Gorchs , 1996) . Hemp is also a promising new energy crop for conversion to bioethanol, biogas, and Karus, 1998), when primary bast fiber yield reaches its maximum and the proportion of lignified 48 fiber is low (Amaducci et al., 2008a) . Growing hemp as a dual-purpose crop has recently gained 49 interest when fiber or biomass are intended for uses not demanding high quality fiber (pulp for 50 paper, bioenergy, etc.). On the other hand, little is known about the seed yield of hemp in 51 southern Europe, which has been proposed as a suitable region for dual-purpose hemp 52 production (Stutterheim et al., 1999) . Most previous studies concerning hemp seed yields were 53 conducted in central and northern Europe (Meijer et al., 1995; Mediavilla et al., 1999; Vogl et 54 al., 2004; Maļceva et al., 2011 , Faux et al., 2013 , Delauran and Flengmark, 2005 , in
55
Mediterranean area with irrigation (Tang et al., 2016) or Canada (Girouard et al., 1999; Vera et 56 al., 2004; Aubin et al., 2016) . Moreover, residual soil nitrogen in hemp is not quantified in the 57 bibliography to date. Evaluating it in hemp under Mediterranean conditions can facilitate the 58 assessment of its response to N and help to improve nitrogen utilization, which is an important 59 agronomic, economic and environmental goal in agricultural system (Zhang et al., 2015) .
60
Fiber hemp is ideal for incorporation into cereal monocultures for four major reasons. First, it is 61 seeded in spring with a short growing cycle (120-150 days), allowing subsequent seeding of the 62 winter cereal (Gorchs and Lloveras, 2003) . Second, it is easy to cultivate and can be grown in a 
MATERIALS AND METHODS

81
Field location, soil and weather characteristics
82
A field trial was conducted over 6 consecutive years (1994-1995 to 1998-1999) The soil nitrate content was determined each year after harvest at seed maturity in hemp plots,
175
and at tillering and after harvest in wheat plots. Soil samples were taken to a depth of 90 cm in 176 30-cm increments using Eijkelkamp cylindrical augers (four cores per plot by each layer).
177
Nitrates were extracted using deionized water (1:1 water to 100 g fresh soil ratio) and were 178 measured using two Merckoquant test strips (Merck, Darmstadt, Germany) with a Nitrachek® 179 device (Eijkelkamp, Giesbeek, Netherlands) calibrated according the standard procedure
180
( Bischoff et al., 1996) . Soil moisture content was determined by taking 5 g per subsample and 
Calculations
185
The rotation effects of hemp on the succeeding three wheat crops were based on wheat grain 186 yields and determined as follows: i) First-yr wheat (1996, 1997, and 1998) : (UH1W -WM) for 187 UH1W, and (FH1W -WM) for FH1W; ii) Second-yr wheat (1997, 1998, and 1999) : (UH2W -188 WM) for UH2W, and (FH2W -WM) for FH2W; iii) Third-yr wheat (1998 and 1999): (UH3W -
189
WM) for UH3W, and (FH3W -WM) for FH3W.
190
The rotation effects were expressed in kg ha -1 of grain at 14% moisture content. processed by analysis of variance (ANOVA) using proc GLM, SAS v8.0 (SAS Institute, 1999).
195
The treatments included in each analysis are shown in Table 3 . Means were compared by using 196 the protected least significant difference (LSD) (P < 0.05). In addition, we used a-priori 197 orthogonal contrasts to test the impact of crop rotation on wheat yields and biomass. We grouped 198 "UH1W and FH1W" versus "WM" for the effect of crop precedent on first-yr wheat, "UH2W 199 and FH2W" versus "WM" for the effect of crop precedent on second-yr wheat, and "UH3W and higher seed yields (Callaway, 2004; Maļceva et al., 2011; and Faux et al., 2013) . The relatively 224 high hemp seed yields achieved in our study seems to confirm the suitability of relatively humid 225 and rainfed Mediterranean environments for dual-purpose hemp production (stems + seeds), second-year and third-year hemp grown in monoculture had slightly higher yields than the first-241 year hemp after wheat at the same level of fertilizer. 1996, 1997 and 1998 (Table 6 ). The rotation effects of hemp on first-year wheat averaged 1368 267 kg ha -1 for grain (+47%) ( Table 7) and 2283 kg ha -1 (+38%) for biomass (data not reported).
RESULTS AND DISCUSSION
268
Plots where second-yr wheat was preceded by hemp (FH2W and UH2W) had significantly 269 higher grain yields and biomass than WM plots in 1997 and 1998, but had similar grain and 270 biomass yields to WM in 1999 (Table 6 ). The rotation effects of hemp on second-year wheat 271 averaged 155 kg ha -1 (+6%) for grain ( 
Soil nitrates at wheat tillering and after wheat harvest
288
Mean residual soil NO 3 -N (0-90 cm) over the 3-year study was 39 kg ha -1 at wheat tillering, and 
CONCLUSIONS
309
The hemp biomass and seed yields in our field study ranged from 5340 to 10,090 kg ha -1 and 310 from 604 to 1434 kg ha -1 , respectively, regardless of the preceding crop (hemp or wheat). § 1995 1996 1997 MEAN 1995 1996 1997 MEAN 1995 1997 MEAN 1995 1997 MEAN 1995 1997 
